Abstract: The thermal diffusivities of transparent polymer films were measured using a laser induced thermal wave generated on a carbon substrate. This method easily takes into account the thermal impedance difference between a transparent polymer film and carbon substrate. The root modulation frequency dependence of the phase delay of thermal waves in position with and without a transparent polymer film was investigated. In this paper, we describe the principle of the measurement method and several equations used in the evaluation. Finally, the thermal diffusivities of the transparent polymer films, such as poly(vinylidene fluoride), poly(ethyleneterephthalate), and polyimide, were investigated by this method.
INTRODUCTION
We already know that the first real photoacoustic experiment was performed by A. G. Bell more than 110 years ago [1] . Thereafter, research and development of photoacoustic spectroscopy and microscopy of solids, liquids, gases and biomaterials have been performed by many investigators [2, 3] .
In 1986, we began to develop a compact scanning photoacoustic microscope (hereafter called SPAM) [4, 5] . Up to now, defects in epoxy resin, the inner hole of the black carbon, and epoxy adhesive film have been successfully detected using our SPAM [6] [7] [8] . Recently, much of the attention of the industrial and academic fields has been shifting from the characterization of solid material, such as a ceramic or a single crystal, to that of transparent films such as those of SiO 2 , TiO 2 , and poly(vinylidene fluoride) (PVDF). In addition, recently, polymer films such as poly(ethylene terephthalate) (PET) and polyimide (PI) have been commonly used in many fields since they satisfy the desired standards, have high flexibility, and can be produced at low cost.
Although our SPAM can be used for the characterization and surface or inner imaging of bulk materials, unfortunately, it cannot be applied to the films. The main goal of our present research is to develop a multipurpose SPAM that can also be used for the films and biomaterials. In the first stage of development, we intend to investigate a simple and effective method for the measurement of the thermal diffusivity of commercial transparent polymer film (hereafter called the T-film). Such a method will be necessary because the thermal and physical characteristics of the polymer film depend strongly on the conditions of the production process, such as temperature, compound uniformity, stretch speed, and poling voltage [9] . Unfortunately, the material parameters of the polymer film have never been published in detail by any manufacturer.
For the above reasons, it is reasonable to consider that the actual thermal diffusivity, , of individual films differs from the value predicted using outdated material parameters published by the manufacturer. The conventional photoacoustic method [10] [11] [12] [13] [14] , open cell method [15] , and laser flash technique [16] have been proposed as representative measurement methods of of the transparent polymer film. Although these methods and techniques are reasonable theoretically, detailed descriptions of the experimental setup and experimental procedure have not been reported.
In this paper, we first describe a simple and effective method for estimating the thermal diffusivity of T-film and then discuss the actual values of of T-films, such as PET, PI, and PVDF, measured by this method.
LICHS METHOD
Our method has, in principle, a simple and easy operation, since commercial black carbon (hereafter called the substrate) is used as the generation substrate of the heat source and T-film is placed on the surface of the substrate. We call this method the ''laser induced carbon heat source method'' (hereafter called the LICHS method). Figure 1 schematically shows the LICHS method for the estimation of the thermal diffusivity of T-film. The T-film was placed on half the area of the substrate surface. The same laser beams are irradiated on to the T-film and the substrate. The laser light modulated by the frequency, f , passes through the T-film without absorption, and then the heat source is formed effectively on the surface of the substrate by the energy of laser irradiation. Subsequently, the thermal wave generated from the heat source may propagate toward the T-film and the substrate. The component of the thermal wave propagating toward the T-film may be transformed to a PA signal on the surface of the T-film. A microphone can usually be employed as the detection device of this component. On the other hand, the component of the thermal wave propagating toward the substrate may reach at back of the substrate and be reflected toward the surface of the T-film. This component may give rise to a serious problem in the measurement of the PA signal. To prevent interference with this component, we must choose a substrate that is thicker than the thermal diffusion length of the thermal wave. Furthermore, the thickness of the substrate is thicker than the thermal diffusion length to avoid the influence of the backing material. In this situation, a normalized complex temperature T 0s =T 0 can be estimated by the following simple equation constructed on the basis of O-R theory [17] :
T 0s and T 0 are the observed complex temperatures at the surface of the T-film and surface of substrate, respectively. 0 is the thermal diffusivity of the T-film, 0 is the thermal diffusion length of the T-film, and Z 0 and Z 1 are the corresponding thermal impedances of the T-film and the substrate, respectively. According to Eq. (1), the dynamics of T 0s =T 0 can be determined by the relationship between Z 0 and Z 1 . If Z 0 is equal to Z 1 , T 0s =T 0 is obtained from the term ''q 0 d 0 '' depending on the T-film parameters alone. However, this assumption is not true to reality because of the equal thermal impedances on both sides of the boundary. It is reasonable to consider that Z 0 and Z 1 are usually different in practice. Because of this consideration, we must discuss an approximate expression of the amplitude A and the phase of T 0s =T 0 in two cases: Z 0 ) Z 1 and Z 0 ( Z 1 . We have found, from this discussion, that the phase in the range of d 0 = 0 ¼ 1:2 to 2.0 can be given by only one simple equation even if the values of Z 0 and Z 1 are very different [18] . Figure 2 shows the top view of an experimental sample. We employed a carbon material (Toyo Tanso Co. Ltd., ISEM-3) as the black substrate. The representative dimensions of the substrate ware 1:0 cm Â 1:0 cm Â 0:3 cm. The substrate surface was polished using alumina powder to obtain a mirror surface. Epoxy adhesive was used for securing the polymer film to the substrate surface. The time delay of the thermal wave through the epoxy adhesive layer may be negligible because its thickness it very small. Samples used in this experiment were commercial ones. Figure 3 shows an illustration of the experimental setup. A CW laser (Spectra Physics Co. Ltd., model 127) at The laser power and the beam diameter at the irradiated surface were about 9 mW and 300 mm, respectively. The PVDF film was transparent at the 632 nm wavelength. Therefore, the laser light irradiated on to the polymer film can reach the substrate surface without absorption in the T-film. The laser light was modulated by using an acoustooptic modulator (Hoya Co. Ltd., A-100). A homemade gas-microphone cell was used to detect the behavior of thermal waves in our experiment. A sample was mounted inside an air tight cell. A modulated laser beam was focused onto the sample surface through a glass window at the top of the cell. Periodic pressure variations in the cell, owing to the periodic heating of the sample surface, were detected by a microphone (RION, UC53A) mounted in the cell. A digital oscilloscope (Iwatsu-Lecroy, LC684DXL) was used for the observation of the detected signal and signal processing.
SAMPLE PREPARATION AND EXPERIMENTAL SETUP

EXPERIMENTAL RESULTS
Theoretically, we have already demonstrated that phase information of the thermal wave can give us an accurate value of d 0 = 0 from 1.2 to 2.0 even if Z 0 and Z 1 are different [19] . This finding is advantageous in that no difference in the thermal wave impedance between the T-film and substrate need be discussed. We have already shown that the value of in an epoxy adhesive film contacted on substrate can be obtained by measuring the relationship between and ffiffiffi f p [20] . Recently, commercial T-films, such as PET, PI, and PVDF, have been widely used in many industrial fields. Unfortunately, the values of these films have never been published in readily available reports. In our simple method, a previous check on the dynamics of thermal waves in substrate is very useful because its surface state seems to be important for a formation of a heat source for thermal wave generation.
Thus we investigated the relationship between phase information of the PA signal and the optical modulation frequency for various degrees of roughness of the substrate surface modified artificially by aluminum powder polishing. The polishing conditions for obtaining the various surface roughnesses of the carbon substrate are shown in Table 1 . Polishing time for all samples was established to be about 10 minutes. Figure 4 shows the experimental results of the relationship between the modulation frequency and the amplitude of the PA signal.
It was found that the modulation frequency dependence of the PA signal did not differ with the roughness of the carbon surface under our operation conditions. We attempt to measure the values of several polymer transparent materials, such as PET film, PI film, PE film, and PVDF film, in order to confirm the effectiveness of our method.
PET has been used widely as the material for commercial beverage bottles. An experimental sample of the PET film was made artificially from a PET plate produced by Teijin Co. Ltd. The material parameters were density ¼ 1:33 g/cm 3 , specific heat c ¼ 1:17 kJ/kgÁK, and thermal conductivity ¼ 0:147 W/mÁK. The calculated from the three parameters was about 9:4 Â 10 À8 m 2 /s. Figure 5 shows the experimental result of the a relationship between and ffiffiffi f p in the PET film. The d 0 = 0 values in the range from 1.2 to 2.0 corresponded to the m-frequencies of about 4 to 12 Hz. As already described, we did not need to consider the difference between Z 0 and Z 1 in restricting the measurement in these frequency ranges. From the slope of the solid line drawn by least-squares fitting, we obtained that a value of was 11 Â 10 À8 m 2 /s. This value was in fairly good agreement with the reference value one predicted from the three parameters of the PET published by the manufacturer.
PI film has been used widely and practically in the medical field [21, 22] . Figure 6 shows the experimental result of the relationship between and ffiffiffi f p in the PI film. The values of d 0 = 0 in the range from 1.2 to 2.0 corresponded to the m-frequencies in the range from 90 to 180 Hz, and then the value of about 13 Â 10 À8 m 2 /s was obtained for the PI film. This value was also close to the predicted value calculated from the three parameters of the PI material published by the manufacturer [23] .
Finally, we prepared to measure in PVDF film. It has been used effectively as a material for piezoelectric and pyroelectric sensors in medical and industrial fields [24] [25] [26] . We can obtain PVDF films having thicknesses of 28, 52, and 110 mm from a commercial source. Since it is well known that PVDF is transparent in the visible wavelength region of light, our method can be used effectively to estimate its value of . We obtained about ¼ 5:8 Â 10 À8 m 2 /s for the film of 52 mm thickness. The reference value of calculated from the three parameters published by the manufacturer was about 5:4 Â 10 À8 m 2 /s [27] .
In Table 2 , we summarize the values of of transparent polymer films investigated by our simple method.
CONCLUSION
In this paper, we introduced a simple and effective method for estimating of the thermal diffusivity of T-film. Black carbon was used as a substrate in this method. A He-Ne laser was irradiated on to the film attached adhesively to the surface of the substrate. The irradiated light passed through the film without absorption and reached the surface of the substrate. A heat source was formed on the substrate surface and thermal waves propagated from it. The thermal waves reach the film surface and were converted to sound waves and detected by a microphone. The measured values of are summarized as follows.
The value of for PET film was about 11 Â 10 À8 m 2 /s. This value was in fairly good agreement with that estimated from the values of density, specific heat, and thermal conductivity of the PET published by the manufacturer. For the PI film, the value was about 13 Â 10 À8 m 2 /s, and the value for the PVDF film was about 5:8 Â 10 À8 m 2 /s. 
